The photopolymerization of vinyl acetate has been found to be very much accelerated by the presence of small quantities of benzoyl peroxide. This is considered to be the result of a photochemical decomposition of the peroxide, to give free radicals such as phenyl and benzoate. The dependence of the rate of polymerization on the peroxide concentration suggests that there is a considerable inhibition of the reaction due to the presence o f the peroxide. The value of the intensity exponent approaches unity as the concentration of the peroxide is increased, and the formal analysis of the reaction suggests that the inhibition is due to the peroxide molecules themselves. The analysis of the induction period and the dark period shows that these are identical and therefore real, so that it can be concluded that they depend essentially on the nature of the initiation step. The value of the initiation velocity coefficient is calculated, and the energy of activation for this step is found to be 8*4 kcal./g.mol.
I n t r o d u c t io n
The results of the direct photopolymerization of vinyl acetate suggest, although no concrete proof is available, that the chain carrier is a free radical. By adding benzoyl peroxide to the monomer and illuminating at temperatures at which the thermal catalyzed reaction is negligible, it was found that a photosensitized reaction took place. If a kinetic similarity between a radical reaction and the photo-excited reaction can be established, then the proof of the radical nature of the chain carrier in the latter case is without doubt. It is evident, on account of this sensitized reaction, that such a method is not straightforward. The thermal breakdown of benzoyl peroxide gives rise to free radicals probably by the scheme (Hey & Waters C6H 5CO. 0 .0 . OC. C6H5 C6H5-+ C6H5. COO-+ C0 2.
One or other of these free radicals is then capable of initiating a polymerization chain. If a similarity in kinetics can be established between the thermal catalyzed and the sensitized reaction, it is evident that the latter is also a free radical reaction. Establishment of a like similarity between the direct photochemical and the sensi tized reaction will again show an identity of mechanism for these processes. It is not possible to make such a comparison directly, since the catalyzed reaction has a pronounced induction period.
The only work on the photodecomposition of benzoyl peroxide suggests that this reaction may have as a first step the formation of similar radicals to the thermal case, but since the investigation was carried out in the solid phase no conclusive evidence of this is available (Fichter & Schnider 1930) . Diacetyl peroxide has also been investigated, and the results obtained in solution and with the pure liquid suggest the formation of methyl and acetyl radicals, as the main products of the decomposition are ethane and methane, approximately in the ratio 1:1, in the case of the pure liquid (Walker & Wild 1937) . By analogy a similar reaction might be possible for benzoyl peroxide.
E x p e r i m e n t a l
Benzoyl peroxide, which had been purified in the usual way, was made up as a standard solution in benzene. A known volume of this solution was introduced into a silica reaction tube and the solvent was removed in the vacuum from a water pump. The tubes were then sealed to a length of silica tube provided with a ground joint and attached to a suitable manifold. Vinyl acetate monomer, purified by fractional distillation and thoroughly freed from air, was distilled into the tubes under high vacuum and the tubes sealed off.
The rate of polymerization was followed dilatometrically, using a cathetometer reading to 0*01 mm.
The photosensitized reaction
With low concentrations of peroxide and temperatures of the order of 30° C the rate of the thermal reaction is negligible. The rates of polymerization using peroxide concentrations from 6 x l0 -4 to 6 x 10-1g.mol./l. were determined. At higher concentrations the thermal catalyzed reaction ceased to be negligible, so that the investigation of the sensitized reaction beyond this point was not made. Figure 1 shows a typical run in which it will be noted that there is a clearly defined induction period, after which the reaction is apparently of zero order with respect to the monomer concentration. When the source of illumination is removed the reaction continues for a short period. The fact that the rate curve for the dark period is the inverse of that of the induction period makes it certain that both of these observa tions are real. Had the reaction been non-isothermal, then during the induction period the contraction due to the polymerization would have been offset to some extent by the expansion of the liquid itself. This would have given the appearance of an induction period. The reverse would be true during the dark period, so that the contraction during this period would be due to the polymerization and the contraction of the solution cooling down. The fact that the two stages are superposable ensures that there is no non-isothermal effect. For comparison purposes the direct photopolymerization, which was measured under the same conditions, is also plotted in figure 1 curve II and is obviously negligible.
At very low peroxide concentrations the rate of polymerization is proportional, for a constant light intensity, to the square root of the concentration. This is clearly seen from the figures in table 1. At higher value of the peroxide concentration this simple dependence disappears, and the rate of polymerization becomes less dependent on the concentration of peroxide. After a certain concentration is reached the rate of polymerization begins to fall slightly as the peroxide concentration is increased. demonstrated. The falling off in the rate at this stage must mean that the peroxide molecules or one or other of the radicals formed must be capable of stopping the chains. The removal of the radicals or molecules in this way would lower the velocity of polymerization, first, by the premature removal of potential chain initiators and, secondly, by the shortening of the reaction chain. There is also the possibility of the removal of possible initiators by the formation of diphenyl or phenyl benzoate.
A somewhat similar situation was observed by Schulz (1941) in the case of the polymerization of both styrene and methyl methacrylate using free radicals formed by the thermal decomposition of tetraphenylsuccinodinitrile. In this case there is also a type of inhibition at high radical concentrations which he attributes to the addition of the dinitrile molecule to the double bond of the monomer. This will again result in the removal of radicals which have the ability to initiate chains.
The intensity of radiation was varied by means of suitable perforated screens, of known transmission. The rates of reaction under the full intensity and under the reduced intensity were measured separately in the usual way. The dependence of the rate of reaction on the intensity of illumination is a sensitive test of the occurrence of inhibition, so that the intensity exponent was measured over a considerable range of peroxide concentration, in order that more information on the nature of the inhibition could be obtained. Table 3 shows the values of the intensity exponent obtained in these experiments. Rf is the rate of polymerization under full intensity, and Rr under the reduced intensity.
T a b l e 2 . E f f e c t o f h ig h p e r o x i d e c o n c e n t r a t io n s o n t
From these results it is evident that at the higher peroxide concentrations there is a side reaction which has a marked effect on the value of the intensity exponent. The trend of this effect may be somewhat surprising, but this point will be discussed in detail later. Under the conditions of reduced intensity the length of the induction period remains constant within the limits of experimental error. This is to be expected, since it depends solely on the value of the velocity coefficient for the initiation reaction, which would be unaffected by the change in intensity.
I t is not possible to vary the temperature over a very wide range, since at the higher temperatures the thermal catalyzed reaction will begin to have a considerable effect. In order to achieve as high temperatures as possible the concentration of the peroxide was maintained throughout at 4*8 x 10-2g.mol./l. This also reduces the inhibition reaction to negligible proportions. The results of these experiments have been plotted in the usual way in figure 2, from which the overall energy of activation is found to be 8-7 kcal./g.mol. I t is not unjustifiable to assume that the energy of activation for the propagation process is unchanged from the bulk poly merization, i.e. 4-40 kcal./g.mol., and the energy of activation for the termination step is zero, then the energy of activation for the initiation process can be found as follows. The overall activation energy, E for a react mutual termination, is given by
where Ei is the energy of activation for the initiation process and Ep for propagation. Hence, substituting the appropriate values gives 8*6 kcal./g.mol. for
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T h e v e l o c i t y c o e f f i c i e n t f o r i n i t i a t i o n
Since the reaction shows a well-defined induction period it is possible to compute the value of the velocity coefficient for the initiation reaction directly. For the m it.ia.1 period the following equation must govern the concentration of the free radicals:
where (12) is the radical concentration, kt the velocity c reaction, (M) the concentration of the monomer, and /( /) a function of the light intensity. Integration of this leads to 1 k i(M) (2 ) and the introduction of the condition that (B) = 0, when 0, gives the value of the constant of integration, c, , Substitutionof this in equation (2) and simplifying gives (3) which can be written in the form
The rate of reaction, r, will be proportional to the concentration of the radicals, (B), so that ,, j.
The maximum rate of reaction, r0, will be defined by setting t very large so that the exponential term disappears, and r _ w > 0 H M y
is plotted against time the result ought to be a straight line whose slope will give the value of kt(M) and hence the value of Table 4 gives the rate of reaction with the time, and from the figures it is evident that the linear relationship will hold. The half-life of the induction period is 201 sec., so that the value of ki(M) will be 4-97 x 10~3 sec.-1, from which, since (M) is 10g.mol./l., k{ = 4*97 x 10-4l.g.mol.-1sec.-1. Using a similar method the value of kt was found a the values are given in table 5. Using the usual logarithmic plot this leads directly to the value of the energy of activation for the initiation process, which is 8-6 kcal./ g.mol., which is in good agreement with the result obtained by the indirect method. Since kt may be defined by h = it is possible to calculate the A factor making use of the results which have been obtained. This gives A i = 5*9 x 102l.g.mol.-1see._1, and hence it is possible to compute the steric factor. If the liquid is taken as being normal then the number of binary collisions per sec. will be of the order of 1011, so th at the steric factor is in the neighbourhood of 10-8.
Velocity coefficients fo r polym erization .
T h e d a r k r e a c t i o n
After the source of radiation is removed the reaction carries on for some time. As has been stressed this is not due to any non-isothermal effect. The cause of this effect appears to be the inherent inactivity of the radicals produced towards the mono meric molecules. During the dark period the concentration of the radicals will be &ven by
,(JR)
An analysis similar to that shown in the last section will give that the rate, r, at any time, t, is related to the rate, r0, at zero time by the equation Table 6 shows the results obtained, and again it will be seen th at the plot of log (rjr) against time is linear. The value of the half-fife of the reaction is 200 sec., so th at 5 x 10~41.g.mol.-1 sec.-1. This is in good agreement with the previous result, from the half-life of the induction 
T h e m o l e c u l a r w e i g h t o f t h e p o l y m e r
Since there is no real interest in the absolute value of the molecular weight the relative degrees of polymerization were measured viscosimetrically to ascertain whether there-is appreciable inhibition. Table 7 gives the results. The increase in the concentration of the catalyst would lower the molecular weight of the product in the normal course of events, since the chain length is inversely proportional to the square root of the concentration. Hence had the reaction been normal tile third column of table 7 ought to be constant, but this is evidently not so. Since the value of the products decrease throughout, the value of the chain length must be less than the rate of starting would indicate, so that it can be concluded that there is an appreciable inhibition effect. Similar results were obtained by Schulz for the free radical initiated polymerization of styrene. 
T a b l e 7 . M o l e c u l a r w e i g h t d e t e r m i n a t i o

F o r m a l a n a l y s i s o f t h e r e a c t i o n
For the sake of completeness two possible mechanisms will be analyzed; first, considering the radical and, secondly, the peroxide molecule as being responsible for the inhibition.
I. Assuming that the radical inhibits the reaction: The reaction sequence for this mechanism would be
P8->Mn + Ms h , h Pn + R-*Mn
Only the reaction after the induction period is completed will be considered, since it is then possible to apply stationary state equations for the solution of the problem.
(1) When the inhibition by the radicals is negligible the terms involving Ay may be omitted and it is then easy to show that (a) rate (peroxide cone.)*, (b) rate (/(/))*.
(2) When the inhibition by the radicals is comparable with the termination by the mutual reaction, then the stationary state equations take the form
and, generally,
Summing these equations to infinity gives the result 
kt(M) (R)~ (R)
.
If, as is likely, ft2(R)2<^±ki(M )(R)82, this will reduce to
For very long chains the rate of polymerization will be given by
Since the value of (R) must be proportional to some power of (B), the concentration of the peroxide, and also to /(/), it is obviously true that the rate is no longer de pendent on the square root of either of these two quantities.
(3) To investigate the extreme case in which the termination by the radicals is very great, one can eliminate from the steady state equations the terms involving
and, in general, 
Since the part in the bracket L» a geometrical progression it can be summed to give
which is obviously independent of both the concentration and the value of (I), i.e. the intensity exponent would tend to zero.
II. Assuming that the peroxide molecule acts as an inhibitor: (i) As before for low values of the peroxide concentration it is easy to show that the rate of polymerization is proportional to the square root of the concentration and of the light intensity.
(ii) When the inhibition by the peroxide is of the same order as the chain breaking by the termination process a similar set of equations to those of section (1(2)) above will be seen except that (R) will be replaced by (B), the benzoyl peroxide concentration. The solution of these equations in the usual way leads to rate = w { f e M _^) } , which is obviously the same equation as was obtained previously except that the intensity dependence will remain virtually unchanged.
(iii) When the inhibition by the peroxide is very great, there is a marked difference from the result given in section (I (3)), and the analysis will therefore be given in detail.
The stationary state equations will have the form
so that, as before, kpn(Pn) = ^-^1 -, and hence the rate will be given by the expression rate = From this it must be inferred th at the rate of reaction becomes proportional to the first power of the light intensity and also inversely proportional to some power of the peroxide concentration which has a maximum of I t would appear, therefore, th at the second case fits the facts which have been presented so th at one may conclude th at in this reaction the first step is the decomposition of the peroxide into free radicals, which are capable of initiating chains of polymerization and that the peroxide molecules at high concentrations are responsible for the inhibition of the reaction. From the similarity of the kinetics of the reaction of both the thermal catalyzed and the photochemical reactions it can be taken as forming a link between the two reactions. From the recent work on the free radical polymerization of styrene, using free radicals such as diphenyl methyl nitrile, (C6H5)2. C. CN, it has been shown that the rates of polymerization and molecular weights obtained are of the same order as with benzoyl peroxide catalysis, so that there is substantial evidence that the latter is free radical in character. The sensitized reaction presents features which are similar to the thermal reaction in that there is a well-defined induction period, and is, at the same time, similar to the photoreaction, in that the order of the main reaction is zero. Hence it may be deduced that the fundamental characteristics of the three reactions are thfe same, and that, in each case, the chain carrier is a free radical.
One matter that has still to be decided is whether the initial photochemical activation of the vinyl acetate gives rise to the production of a diradical or whether the molecule is split into two radicals. In paper I it is shown that one molecule of polymer is produced for each molecule of vinyl acetate activated. This result can most readily be explained by supposing that a diradical is in fact produced and that termination at each end involves a disproportionization reaction. This result would, however, also be obtained if the vinyl acetate were dissociated and each radical grew separately, the polymer radicals finally disappearing by combination. There is no evidence to suppose that fission of vinyl acetate does in fact occur. For example in the gas-phase photopolymerization of vinyl acetate (Tuckett & Melville 1947) it can be shown that the molecule is simply activated, for the energy of excitation may readily be removed by collision with argon, helium or hydrogen. This would appear to indicate that absorption of a quantum does not lead to decomposition into free radicals.
A more certain method of deciding the issue is as follows: Figure 3 shows the effect of benzoquinone on the course of the polymerization catalyzed by thermally Vol. 189. A. decomposing beiizoyl peroxide-curves II and IV. Curve I shows the course of the direct photo-reaction of such a velocity as to be equal to that of the catalyzed reaction at the end of the induction period. Curve III shows the calculated effect of adding precisely the same weight of benzoquinone. It will be seen that whereas the direct photo-reaction is completely inhibited by benzoquinone the benzoyl peroxide reaction is simply retarded although the quinone is removed and the reaction velocity approaches that in absence of added quinone. It is certain that the peroxide catalyzed reaction involves monoradicals only. It would appear therefore that the direct reaction must involve the production of diradicals, since it has already been shown that both reactions are of the free radical type. Although it is comparatively easy to formulate a structure representing this interaction of a diradical with benzoquinone it is not clear precisely how a monoradical will interact with the quinone. It may be that quinone adds on to the end of the mono radical and the radical produced is inactive towards vinyl acetate, the radical finally disappearing by reaction with another of its kind. Alternatively the quinone might be incorporated in this chain thus forming an interpolymer with the vinyl acetate. This disappearance in the action of benzoquinone in inhibiting or retarding polymerization is not confined to vinyl acetate. Similar experiments with styrene and with methyl methacrylate (M. H. Mackay & W. F. Watson unpublished) show the same discrimination. That is, in these reactions involving a monoradical there is retardation, in these reactions-photochemical and thermal-believed to involve diradicals there is inhibition. Consequently it would seem that the use of benzo quinone may provide a useful method for deciding whether monoradicals or diradicals are involved in polymerization reactions.
T h e G e l v a c y c l e
By analogy with ordinary esters it would be expected that the hydrolysis of polyvinyl acetate would result in the formation of the corresponding alcohol, i.e. The reacetylation of the alcohol should then give the original ester. An investigation of the cycle showed that, in the case of catalytically produced polyvinyl acetates, hydrolysis brought about a decrease in the chain length, so that the reacetylated polymer had a degree of polymerization about half that of the original (McDowell & Kenyon 1940) . Subsequent hydrolysis and reacetylation cycles had no further effect on the chain length. I t appears, therefore, that the chain rupture takes place at only one point, thus suggesting that there is in the chain a less stable link than the normal carbon-carbon link. McDowell & Kenyon suggest that oxygen from the peroxidic catalyst used or acetaldehyde from the monomer is introduced into the polymer chain at a limited number of points. In photochemically produced polymer formed in vacuo the first of these possibilities is avoided, so that a Gelva cycle was performed on a sample of polymer produced in this way. The hydrolysis and acetylation procedure was the same as that used by the above authors. After the regenerated polymer had been thoroughly dried the molecular weight was found viscosimetrically. The results are shown in table 8. These results show quite conclusively that there is no change in the degree of polymerization in the case of the photochemically produced polymer. This would tend to show that the catalytically produced polymer has a hydrolysable link due to the catalyst used in the production of the polymer. One of us (G. M. B.) is indebted to Distillers' Co. Ltd. for financial assistance .
